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CHAPTER I
INTRODUCTION
The conservation of photographic materials is a new field of
interest and research which has gradually been developing tech
niques, procedures and ethical considerations regarding the
preservation of photographs of historic and artistic value.
Photographs preserved in public and private collections consti-
1
tute an important element of our culture. Much has been written"
on the specific characteristics of the photographic image as an
unique form of visual representation, as well as its value as
historical evidence from times past. Undoubtedly, photographs
have been avidly collected by institutions and individuals
throughout the world, despite the fact that in most instances
no clear policy ever existed to that regard. Presently, the
continuous researches on the history of photography and on the
significance of the photographic image (both still and animated)
to our modern perception of the world should also gradually
provide a broader framework of reference for the intricate cu
ratorial decisions required in photographic collecting and pres
ervation.
As objects of a complex physical and chemical nature, photographs
are subjected to various deterioration mechanisms . Thus, the
proper preservation of large number of photographs in a collec
tion requires specialized knowledge of the several processes
and materials which were developed throughout the history of the
medium, and their interaction with the environment (light .moisture,
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temperature and atmospheric contaminants) after their manufacture.
The photographic conservator must address the potential chemical
and physical changes that might affect the permanence of any
object under his care, considering the conditions of storage, use
2
and display of the collection .
The main causes of impermanence in photographs can be related
to both external and internal factors . Among the former are humid
ity and temperature conditions of the storage area, quality and
intensity of light exposure when in display, atmospheric pollu
tants (oxidizing and acidic gases), quality of enclosure materials
in direct contact with original objects, improper handling by
users, as well as biological attack and natural disasters (fire,
floods, etc...). The internal factors are related to the chem
ical processing required for the formation and stabilization
of the image material and the physical characteristics of the
commonly multilayered photographic object.
Most photographic images are generated through light exposure
and subsequently treated in solution to amplify and "fix" the
original recorded input (latent image) . Depending on the efficacy
of the solution chemical processing, potential fading propensity
intrinsic to the photographic object can be engendered due to
the presence of unwanted levels of residual chemicals.
The following chapters will deal with the quantitative evaluation
of residual thiosulfate and polythionates present in aged silver
halide gelatin prints and the deterioration caused by such
processing deficiency.
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CHAPTER II
BRIEF ACCOUNT ON THE HISTORY AND DEVELOPMENT
OF SILVER HALIDE PHOTOGRAPHIC PRINT MATERIALS.
THE GELATIN HALIDE EMULSION PRINTING PROCESS.
The history of photographic printing processes on paper base mate
rials has been characterized by a gradual evolution from fairly
simple structured objects, having just a paper base carrier with
the image material directly deposited on the paper fibers (salted
paper prints) to more complex multilayered materials, as the modern
resin coated photographic paper products.
Several significant developments ocurred since Talbot's original
calotype process . The introduction of albumen as a binding agent
in the early 1850's brought a fundamental change in the structure
of photographic printing papers . The silver halide crystals were
now held on the surface of the paper base by the action of the
binding medium, providing increased resolution, light sensitivity
and new qualities such as glossiness. Albumen papers are refered
to as salted papers, since they require sensitization prior to
printing, as did the earlier uncoated papers. Image formation
occurs by photolytic reduction of silver ion on the surface of
the silver chloride crystals (printing-out paper). After exposure,
excess silver nitrate is removed by washing, followed by toning,
fixation and final washing.
Three other major developments contributed for further changes
in the structure of photographic printing papers during the last
three decades of the 19th century:
- the introduction of silver halide emulsions allowed for the
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manufacture of both ready sensitized negative transparent film
materials and positive reflection printing materials. Gelatin
emulsion making was introduced by Richard Leach Maddox in 1871.
By precipitating silver halide in the presence of a binder such
as gelatin, the following improvements in photographic technology
were immediately achieved:
gelatin prevents that the silver halide crystals coalesce
giving an even distribution of suspended crystals through
out the emulsion ,
gelatin can be easily coated onto a support, because it
changes from gel to liquid with varying temperatures .this
mechanism being reversible. It also can be hardened by chem
ical means, which increases the resistance of the emulsion
layer to photographic solution processing ,
gelatin is a transparent and permeable medium which allows
for the necessary light exposure and solution processing
under a range of conditions ,
gelatin silver halide emulsions can be ripened to alter
and control emulsion characteristics as speed, grain struc
ture, contrast, etc...,
- the introduction in the 1870* s of silver bromide and chlorobro-
mide emulsions for photographic printing materials allowed for
developing-out papers (latent image formation followed by chemical
development) to be marketed, which dramatically changed photogra
phic printing practice.
- the introduction of baryta coated paper stock as a base, material
for gelatin and collodion silver halide printing processes. Barium
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sulfate suspended in gelatin is coated on to the paper base to
provide a uniform surface for emulsion coating.
These main developments defined the present structure of the modern
fiber base gelatin silver halide developing-out photographic paper.
The gelatin silver halide printing processes have surpassed all
other printing processes in photography. During the last decades
of the past century and the early years of this century, gelatin
silver halide printing-out emulsions were widely available, but
since 1920 most photographic prints have been produced on develo
ping-out papers, either contact or enlarging speed.
The multilayered structure of gelatin silver halide developing-
14
out papers has been described by Current: "The (paper base) must
be free of substances that would sensitize, desensitize or other
wise affect the photographic emulsion. It must withstand alkaline
developers, acid fixing solutions, prolonged washing as well as
chemical toners without becoming soft ( ) . The dry print should
not curl excessively or be brittle and easily cracked .(... ) The
baryta coating serves to prevent absorption of the emulsion by the
paper, isolate it from any chemical impurities in the paper and
modify the surface appearance of the papers . From one to four
coatings may be applied and, for a gloosy paper, each layer may
be separately calendered. The particle size of the barium sulfate
is regulated as one of the factors affecting the "smoothness" of
the paper surface prior to coating with emulsion. In some cases,
the baryta coating is embossed with engraved rollers to produce
special surfaces. (...) The(emulsion) must have good adherence
to prevent blisters and frilling, the tendency of the emulsion
to peel from the paper especially along the edges of the sheet.
- 5 -
The emulsion has an influence on the formation of blisters within
the paper because of its effect on the hardening of the paper. It
must have a low sensitivity to pressure or"abrasion" marks will
develop along with the image. With some emulsions and papers this
may necessitate a surface coating (anti-abrasion layer) over the
emulsion. The emulsion also affects the tendency to curl and the
brittleness of the coated paper1.'
The terms used in this report (single weight and double weight
papers) refer to the thickness of the paper base. Single weight
papers are ajproximately 135 g/m and double weight papers appro-
ximately 265 g/m. Papers of similar weight may very in thickness
because of differences in density.
An important structural difference between salted albumen papers
and ready sensitized baryta coated emulsion papers (gelatin and
collodion) is that the latter ones are in general coated on a
significantly thicker paper base. Albumen prints, due to the
need for coating and sensitization by floating the paper base on
the solution, employed lighter paper stock. Reilly, Severson and
McCabe have shown that albumen prints are readily washed after
fixation due to the thin paper support and the absence of a baryta
layer. Their research indicated that the main cause of deteriora
tion in albumen prints is related to storage conditions (humidity,
temperature and atmospheric oxidants) rather than to residual
chemicals from inadequate processing.
As it will be shown in the next chapters, with gelatin halide
emulsion printing papers excessive retention of residual process
ing chemicals by the emulsion, baryta layer and paper base is un
doubtedly a ma.ior cause of image deterioration.
_ ^
CHAPTER III
THE CHEMISTRY OF FIXATION
Gelatin silver halide emulsions are generally fixed in solutions
of thiosulfate ion (S20*) (sodium or ammonium thiosulfate). Pub-
3lished work^ has shown that the most probable mechanism occuring
during fixation is as follows:
AgBr +
S20*
>
(AgS20~)"
+
Br"
(l)
(solid) J adsorption
complex
(AgS203)"
+
S20*
* (2)
adsorption desorbed
complex
Post-fixation reaction (ocurring in solution):
(Ag(S203)2)3"+ S20| ?
As we can see, the complex anions formed during thiosulfate
fixation comprise one, two or three S?0~ ligands coordinated
to a central silver atom, which have different solubilities. Thus,
to allow for reactions (l), (2) and (3) to occur it is necessary
to have thiosulfate ions in excess. Only in this situation will
the fixation step be carried to completion, with all silver
halide crystals not reduced to silver metal during development
being dissolved and removed.
The continuous fixation of silver halide emulsions in a finite
volume of fixer will cause the halide ion and silver ion concen
tration^ solution to rise slowly, due to the increase in concen
tration of silver thiosulfate complexes. Gradually, the fixing
bath will achieve complete saturation (when the product of silver
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ion and halide ion concentration reaches the solubility product
of the silver halide crystal in the emulsion) .
It has been shown that the retention of thiosulfate and silver
thiosulfate complexes in the emulsion will increase with increased
silver ion concentration in the fixing bath. As will be discussed
later, the removal of silver thiosulfate complexes by washing is
also more difficult than that of thiosulfate ions.
If not sufficient thiosulfate ions are available during fixation,
the soluble more stable highly thiosulfated silver thiosulfate
complex anions will not be formed. Thus, dissolution of silver
halide crystals will be incomplete leaving reducible silver halides
present in the emulsion layer after processing. In practice, this
situation generally occurs when exhausted fixing baths are used,
rather than due, for instance, to insufficient time of fixation.
A necessary consequence of this extreme situation (over exhausted
fixer) will be the excessive concentration of silver thiosulfate
complexes in solution and formation of complexes of higher silver
content which will be tenaciously retained in the emulsion, baryta
layer and paper base despite prolonged washing.
The practice of two bath fixation ensures that the concentration
of silver thiosulfate complexes in the emulsion layer is reduced
to lower levels, since their concentration in the emulsion is
dependent on their equilibrium concentration in the fixer. A second
fresh fixer with thiosulfate ions in excess and very small concen
trations of silver thiosulfate complexes will cause the diffusion
of remaining complexes from the emulsion into solution, being
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replaced by fresh thiosulfate ions.
Green-5 has demonstrated by employing swell measurements of the
emulsion layer that the total removal of solid silver halides
corresponds roughly to the time taken for the emulsion to clear.
Also, "the fact that a swell peak occurs during fixation is very
significant in that it shows that the fixation reaction is taking
place substantially faster than the replacement of its products
with fresh fixer. The rate of the general reaction,
silver halide + thiosulfate * complex + halide
is in effect controlled by the availability of thiosulfate and
the total reaction cannot be considered to have been completed
until the thiosulfate has regained its equilibrium concentration,
i.e., until the peak in the swell curve has subsided'.' (5) Thus,
the effect of thiosulfate concentration in fixing baths is to
increase the rate of fixation with increased concentrations. At
very high concentrations, however, this effect is reversed.
The composition of practical fixers generally has a concentration
of about one molar thiosulfate ions. Plain solutions of thiosulfate
work effectively as silver halide solvents but have the disadvan
tage of alowing for the alkaline development to be carried into
the fixing step. Thus, acid thiosulfate solutions containing
sulfite as a preservative to avoid precipitation of sulfur, and
potassium or chrome alum as a gelatin hardener are commmonly
encountered in photographic fixing formulas. The activity of
sodium sulfite as a preservative in the fixing bath has been shown
to be the combined effect of various reactions and not a simple
effect on the equilibrium as expressed by the reaction:
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S23 +
*** *
* HS03 + S
The following reactions represent the most probable mechanisms;
sulfite decomposition
4HS03 +
8H*
> 4S02 + 4H20
4S02 + 3H20 ? 2H2S0^ + H2S23
thiosulfate decomposition
H2S203 * S + S02 + H20
formation of pentathionic acid
5S02 + 5S + 2H20 * 2H2S56
reaction of pentathionate with sulfite to generate trithionate
and regenerate thiosulfate
S-Og +
2S0"
S30j + 2S20|
trithionate decomposition, sulfate generation and thiosulfate
regenaration
S30^ + H20 * S0 +
S20= + H*
It can be seen that the thiosulfate concentration will be main
tained until practically total sulfite depletion is achieved.
Immediately afterwards, sulfur precipitation will occur.
When fixing fiber base gelatin silver halide photographic prints,
we have to consider the penetration, diffusion into and from,
and eventual retention of solutes in the various layers of the
material: the protective gelatin overcoat, the gelatin emulsion,
the baryta layer and the paper base. The next chapter will discuss
in detail the washing of fiber base materials.
- 10 -
CHAPTER IV
THE REMOVAL OF THIOSULFATE AND SILVER THIOSULFATE
COMPLEXES: WASHING OF FIBER BASE PHOTOGRAPHIC PAPERS
AND THE EFFECT OF SALT SOLUTIONS ON THE REMOVAL OF
RESIDUAL PROCESSING CHEMICALS
We will discuss the washing of residual chemicals from all layers
of a photographic print, since they are characterized by different
retention mechanisms.
In an emulsion fixed to completion, we find thiosulfate in four
different forms ?
(l) in solution
(2) in solution as an argentothiosulfate complex
(3) adsorbed to the gelatin
(4) adsorbed to the image silver
It has been shown that the washing of thiosulfate from an emulsion
layer occurs in two stages: the initial one which corresponds to
a typical diffusion process and the second stage where gelatin
adsorbed thiosulfate must be exchanged by ions present in the
wash
water'
. For film materials with an impermeable base, it is
the later stage which determines the washing times necessary to
achieve residual thiosulfate levels which are required for image
permanence- With fiber base print materials, this mechanism is
true with respect to the emulsion layer, but the overall removal
of thiosulfate is complicated by the porous nature of the paper
support and the additional presence of the baryta layer.
In both film and fiber base materials, the decrease in residual
thiosulfate concentration as a function of washing time approaches
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initially an exponential function, which corresponds to the
diffusion of thiosulfate from the gelatin layer during the first
stage. In the second stage, the adsorbed thiosulfate ions are
only removed very slowly, and as in the case of fiber base prints
it is not always possible to achieve recomended levels of residual
thiosulfate even with extended washing times .
The curves below describe the experimental results obtained in
this work for Kodak Azo Paper, single weight and double weight.
In graph I, the two curves are from two different processing runs
(as described in the appendix) and show that the washing proce
dure adopted consistently produced constant residual thiosulfate
levels as a function of washing time . This procedure (washing
samples of the material to different times) was used to generate
the experimental samples containing different residual thiosulfate
levels after processing, which were the basis for most of the ex
perimental work described in this report.
As pointed out by D. Galvez , the use of samples generated by
actual processing is the only reliable procedure to obtain signifi
cant data in image stability studies, or when analyzing analyti
cal test methods employed to determine low levels of residual
chemicals retained by the photographic material. Although techni
ques of artificially exhausting fixers or of addition of known
amounts of thiosulfate to samples have been used and reported
in various studies in the literature, they may not represent the
actual retention mechanisms originated during processing.
In graph II , the two curves show the rate of removal of thiosulfate
for single weight and double weight papers as expressed by the
changes in reflection density of the silver sulfide stain formed
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on the samples by the Silver Densitometric Test (ANSI PH 4.8 - 1978).
As explained in the previous chapter, the concentration of silver
thiosulfate complexes in used fixers will determine their concen
tration in the emulsion. During washing, the soluble highly thio-
sulfated complexes can present some regression to the monoargento-
thiosulfate complex (AgS203f, which is only sparingly soluble and
not easily washed out from the emulsion and base.
The conditions in which thiosulfate and silver thiosulfate com
plexes are favorably removed, increasing the rate of washing, are:
flow rate of the washing water ( increased flow at the surface of
the print will optimize diffusion) ; temperature of the washing
bath (the higher the temperature, the faster the removal. As in
other processing steps, the temperature limits are determined by
the physical characteristics of the material); the nature and
composition of the fixing bath ( removal is favored by non-
hardening fixers with neutral or slightly alkaline pH); silver
content of the fixing bath ( exhausted fixers will cause increased
retention) ; and the pH and neutral salt content of the wash water
(alkaline pH and the presence of certain neutral salts in solution
favour removal) .
Henn, King and discussed the effect of salt baths on
hypo and silver elimination. The thiosulfate ion adsorbed to the
gelatin, specially in alum hardened emulsions, is rapidly removed
when the film is bathed in certain salt solutions previous to
washing. The effect of the salt solutions seems to be one of
displacement of adsorbed ions by the anion of the salt. The most
effective salts are those of polyvalent anions, such as sulfate,
- 15 -
sulfite and phosphate. The optimun concentration varied for each
specific salt solution, but were in the range of 1 to 10 percent
(w/v) solutions .
Salt solutions are also effective in accelerating the washing of
photographic prints. The limiting factors for hypo removal are the
thickness and density of the paper base and the baryta layer, which
can vary for different products ( glossy papers, for instance, re
quire thicker layers of baryta coating) . The effects are very
significant for single-weight papers processed under adverse
conditions ( hardening fixers and low temperature washing baths).
With double-weight papers, the results are less significant and
extended washing times are needed to achieve residual levels
compatible with image permanence requirements .
The polyvalent anions of the neutral salts studied by the refered
authors were also very effective in the removal of silver thiosul
fate complexes from the emulsion and base, from both single-weight
and double-weight papers. Experimental results showed that the
uncoated paper base strongly retains thiosulfate ions and is the
least affected by the action of salt solutions, when compared to
coated double -weight, single-weight and film materials (increasingly
presenting higher percent removal values due to the action of salt
solutions). These results indicate that the effectiveness of poly
valent anions is greater for the removal of adsorbed thiosulfate
and silver thiosulfate complexes from the gelatin emulsion layer,
as compared to the action on those ions retained in the paper base.
Earlier experiments by Crabtree, Eaton and Muehler also demon
strated that the baryta layer tenaciously retain thiosulfate ion,
specially if treated in an alum-hardening fixer. Prolonged unaided
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washing periods did not remove all traces of residual thiosulfate
and silver thiosulfate complexes in the baryta coating.
As pointed out above, the mechanism responsible for the action of
salts is based primarily on ion displacement, although other effects
must also be mentioned as, for instance, membrane effects (thiosulfa
te ions move from the shrunken gelatin layer into the more concen
trated salt solution) .
Other mechanisms that favour removal of adsorbed ions from photo
graphic materials are the action of alkalies, which work by remo
ving the alum hardening and corresponding adsorbed thiosulfate, and
oxidizing agents which convert residual thiosulfate into the harm
less sulfate ion. Although being effective, both these methods have
the disadvantage of unhardening the emulsion, and in the case of
the ammonium hydogen peroxide hypo eliminator eventually attacking
the image silver.
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CHAPTER V
DECOMPOSITION OF RESIDUAL THIOSULFATE INTO
POLYTHIONATES IN AGED PHOTOGRAPHIC MATERIALS.
PROBABLE REACTION MECHANISMS BETWEEN IMAGE
SILVER AND RESIDUAL THIOSULFATE AND POLYTHIONATES.
The chemistry of sulfur compounds is a complex subject, but
experimental work in the past has identified several possible
reactions which lead to the formation of oxidation products of
thiosulfate (polythionates) in the photographic material with
aging .
The following table (from The Theory of the Photographic Process,
11
Fourth Edition, T.H. James) gives a descriptive view of the
thiosulfate ion and its polythionic oxidation products, here
interpreted as "the combination of a sulfane, HS H, and one or
-X.
more sulfur trioxide, S0~, radicals to give sulfane sulfonates".
SULFANE SULFONATES
Nomenclature of ion
common systematic structure
Thiosulfate (S20") monosulfane S -
^ monosulfonate
Oxidation products:
Trithionate(S00^) monosulfane "OS - S -
> disulfonate J
J
Tetrathionate(S,,0/) disulfane oOS
- S - S - SO-
^ disulfonate
J J
Pentathionate(SrO?) trisulfane "OS - S - S - S - S03
-> disulfonate
J
Hexathionate(S/-On tetrasulfane "OS - S - S - S - S - SO'.
0 disulfonate J
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Oxidants of various strengths will convert thiosulfate into one
or more polythionates:
2S20J + I2 S^0S6 +
21-
2S20^ + 3S02 2S30j + S
Other reactions that will form polythionates are:
Vo + S > S50g
s46 +
so3'
> S36 + S25
The polythionates are compounds that carry one or more labile
sulfur atoms, and can undergo decomposition in the presence of
moisture and oxygen to form sulfides and polysulfides . The heating
of trithionic acid will cause decomposition of the compound accord-
34
ing to the equation: v
H2So06 * H2S0^ + S + S02
The fact that tetratHonate will react with sulfite (as described
above) to give trithionate and thiosulfate indicates that trithio
nate is the common oxidation product of thiosulfate to be found
in aged photographic materials. In fact, polarographic studies by
12
Przybylowicz, Zuehlke and Ballard of extracts of aged film
showed that significant amounts of trithionate were present, being
the main decomposition product of thiosulfate identified in the
samples . Accelerated aging studies of samples containing trithio
nate showed that sulfiding and fading of the image was caused by
this oxidation product, though not to the same extent as thiosulfate.
This indicates that the fading potential brought by thiosulfate,
present in residual levels a"ter processing in photographic film
and paper, extends also to its oxidation products .
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The sulfiding of the image in gelatin silver halide photographic
prints is generally caused by the reaction of sulfur or sulfide
ion with metallic image silver. As seen in chapter III, the sta
bilization of acid fixing baths by addition of sulfite prevents
sulfurization (thiosulfate decomposition) and its due to a "chain
reaction"
mechanism which involves the depletion of sulfite ion
from solution, the formation of polythionates and regeneration of
thiosulfate, until ultimately sulfur precipitation occurs. As
described then, thiosulfuric acid (thiosulfate ion in acid solution)
breaks down according to the following reactions:
H2S203 *H2S03 + S
H2S203 >S02 + H20 + S
This has been an acepted view of the generation sulfur from thio
sulfate, which will react with image silver to form silver sulfide.
13
Brumpton and Levenson , studying the staining properties of ammonium
thiosulfate fixers , have indicated some probable mechanisms for the
formation of silver sulfide stains from exhausted (high concentration
of silver thiosulfate complexes in solution) fixing baths. Their
most important conclusion, from our point of view, was to show that
"the mode of formation of silver sulphide is not simply the direct
reaction of silver ions with degradation products of thiosulfate".
Their results suggest that a critical thiosulfate-silver ratio must
be attained before sulfiding can take place. It was verified that
sulfiding only occured after considerable decomposition of thiosul
fate ion. In this study with exhausted fixers, the decomposition
set the silver ion in the silver thiosulfate complexes free to react
in two possible ways to give silver sulfide:
- 20 -
a) Ag + cellulose (paper substratum) ^
Ag metal + oxidation products of cellulose + H
b)
2Ag+
+ S203 > Ae2S23 *2> Ag2S + H2S04
Of the two mechanisms , their experimental work indicated that the
role played by the cellulose substratum in the formation of silver
metal atoms which subsequently reacts with labile sulfur from the
decomposition of thiosulfate is the most probable one. The reactions
leading to the formation of silver sulfide can be summarized as
follows:
(NHif)2S203 * 2NH3| + H20| ? S02| + S (l)
HSOl ^^ HS0^ (this may be catalysed by silver ion)
-So0~ -s9o~ -s?^ +
Ag(S203)3 -2^Ag(S203) ^-^Ag(S203) M?*Ag
Ag-* + cellulose ^ Ag metal + celluloseox + H
2Ag metal + S ? Ag2S
Regarding the decomposition of ammonium thiosulfate, several reactions
were believed to be occuring in competition with each other- Besides
reaction (1) above, the following decomposition reaction of thio
sulfate will give bisulfate ion:
H+
+
S20*
HS23
HS203 9 HSOJ
+ S
+
HS03
air> Ag > HSO^
An overall equation might be written containing all paths:
2(NH^)2S203-i?2 ?(NH^)2S04+ S02 f + 2S ? H20 + 2NH3 j
The importance of this work is to show that the stability of resi
dualthiosulfate in photographic materials and the reactions of its
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decomposition products to give labile sulfur which will cause
the sulfiding of the image silver are not mechanisms that follow
only one path. The significant number of reactants and reactions
involved in the process suggests that, contrary to what has been
stated very frequently, the sulfiding of the image in an aged
photograph is conditioned by various factors, including moisture,
oxidants, temperature and levels of residual chemicals left in
the material after processing and does not occur necessarily in
the early periods of storage. Thus, we can suppose that different
prints containing originally similar levels of residual thiosulfa
te from processing will not present necessarily the same levels
of image fading and staining after a certain number of years in
storage. Some of the illustrations included in this report show
the effect of residual chemicals on aged prints , processed probably
to the same standards (in this case, commercially processed motion-
picture stills). (see slide illustrations #1, #2, and #3).
The fact that sulfiding is somewhat dependant on the storage con
ditions after processing has significant implications for the
applicability of the procedures that will be presented in the
following chapters, as well as for the correct characterization
of potential fading from residual thiosulfate and polythionates
present in aged photographs .
4
Pope investigated the stability of residual thiosulfate in
processed microfilm. He showed that thiosulfate will be retained
in higher concentrations at higher image densities (probably due
to the adsorption of thiosulfate ions to the metallic silver
image grains). A good correlation was demonstrated in this study
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between thiosulfate decomposition (as indicated by lower readings
obtained in aged samples using the mercuric chloride test) and
sulfiding of the image for samples stored under high humidity and
temperature conditions. The previous discussion, however, (from
Brumpton and Levenson) indicates that Pope's correlation might not
have been completely accurate, since it was developed under the
assuption that all the thiosulfate consumed during aging of the
samples had reacted to form silver sulfide. Because the Crabtree-
Ross test (mercuric chloride test), as described in chapter VII,
does not measure polythionates, Pope did not verify the ammount of
unreacted thionates present in different density areas of the image
after aging. Some of the initial results described in this report
indicate that it is necessary to account for the levels of unreacted
polythionates when correlating thiosulfate readings in time with
sulfiding of the image, (see page57, Table I).
Other important contributions by Pope were to identify the effect
of halide solutions as effective desorbers of silver thiosulfate
complexes and thiosulfate ions from the emulsion layer. The follow
ing equation represent the effect of halide ion on the desorption
of silver thiosulfate complexes:
Ag(S203)2 + halide ion Ag halide +
2S203=
He also showed that the decomposition of thiosulfate in processed
film is dependent on the moisture levels during storage. For silver
free areas of microfilm samples, the residual thiosulfate was
stable for nine months at 14$ relative humidity and room tempera
ture. At 8Bfo relative humidity, it began to decompose after about
two weeks from processing.
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13
Brumpton and Levenson J verified that the loss of ammonia from
dried fixer spots on paper under low relative humidity is very
small an indicates an ionic mechanism.with water acting as a
solvent for thiosulfate decomposition:
+ H2 t *
NH^ - >NH3 | + H
+
H2
H + S203 y HS23
HS20"
>
HSO"
+ S
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CHAPTER VI
SILVER IMAGE STABILITY
Developed-out silver halide emulsions generate metallic silver of
filamentary structure. Most 20th century silver halide gelatin
photographic prints are chloride or chloride and bromide emulsions
reduced to silver metal by direct chemical development.
James has shown that under high temperature and humidity condi
tions, the structure of the silver filaments will change as can be
seen by differences measured in transmission and reflection density
after incubation. The mechanism responsible for this change in
structure appears to be one of degradation and subsequent recrysta--
lization of the filamentary silver into rounded particles, the
silver grains becoming thicker and shorter. There was a consistent
loss in reflection density and change in image tone for the emulsions
tested.
A significant factor described by James is that "adsorbed thio
sulfate from the fixing bath, or possibly sulfide formed by decom
position of the thiosulfate exerts a significant stabilizing action
on the silver filaments formed in normal processing of silver
chloride, chlorobromide and bromide
emulsions'.' It is known that
thiosulfate ions will tenaciously adsorb to the surface of metallic
silver grains during fixation. Levenson and Sharpe , Pope , Stevens
and
Block18 f1^
and
James1-' have discussed this phenomenom. Although
initially stated by Levenson and Sharpe that silver sulfide was
formed by the reaction of adsorbed thiosulfate and image silver
only during the bleaching step (in reversal processing), it has
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later been shown by Pope and Stevens and Block^hat silver sulfide
due to adsorbed thiosulfate is formed during or immediately after
fixation. By labeling the inner and outer sulfur atoms of the thio
sulfate ion, Stevens and Block could demonstrate that the adsorbed
layer formed on the surface of the developed silver during fixation
was constituted of one part of thiosulfate ions and four parts of
immobile material, probably adsorbed sulfur. This layer of chemisor-
bed sulfur atoms was generated by the rupture of the thiosulfate
sulfur-sulfur bond, followed by washing out of the inner sulfur
atoms. This mechanism contributes to the understanding of the pro
tective action of thiosulfate with respect to the recrystalization
of filamentary silver.
Recrystalization, as investigated by James, is one of the various
processes that can cause physical changes in the silver image
structure of a photograph, generally due to chemical reactions
of the atomic silver. Other mechanisms are the action of oxidizing
fumes (nitric oxides, peroxides, etc..) which might induce oxidation
and reduction of the image silver causing degradation of the filamen
tary structure to smaller rounded particles, as well as causing other
effects as silver
"mirroring" and formation of soluble silver salts.
Weyde has shown that the action of oxidizing fumes on silver
images caused fading, however the salts formed remained soluble
and could de diffused onto a zinc sulfide receiving layer. Silver
"mirroring", or the reduction of migrated silver ions at the emulsion
surface, is caused by the action of oxidants and high humidity.
Metallic silver is converted to silver ions that migrate away from
the filamentary structure and form deposits of silver and silver
sulfide and oxides that can reflect light as a silver mirror.
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Whenever sources of sulfide or labile sulfur are present (either
as residual thiosulfate and polythionates, or as atmospheric
fumes (H2S)), these oxidation-reduction mechanisms are further
complicated and a combination of all processes might be understood
as a closer model to what occurs in actual storage conditions.
The presence of residual thiosulfate and silver thiosulfate com
plexes in the emulsion, baryta layer and paper base of photogra
phic prints associated with the thickness and porous nature of
the fiber material, which can present "an astonishing storing
effect (...) in the adsorption of oxidizing gases" , are the
main causes of the severe fading, staining and "mirroring" observed
in many aged silver gelatin prints. (see illustrations #4, #5 and #6).
The specific action of residual thiosulfate on the sulfiding of
the image silver can occur by the formation of silver thiosulfate
under the action of an oxidizing agent, as follows:
2Ag +
S20*
+ Oxidizing agent > Ag2S203
H?0
Ag2S23 * Ag2S + H2S04
This same reaction has been suggested to explain the reducing
21
action of fixing baths on the silver image , the difference being
that the silver thiosulfate formed during this treatment readily
dissolves in the excess thiosulfate in solution and does not
deteriorate to form silver sulfide.
The combination of the following factors makes photographic prints
more susceptible to deterioration as compared to camera speed negati
ve materials:
- higher retention of residual chemicals due to the mutlilayered
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structure of fiber base photographic prints;
- higher absorption of atmospheric oxidants and moisture during
storage due to the same reasoning as above;
- smaller silver image grains , due to the lower sensitivity of
printing emulsions, as well as thinner gelatin silver halide coat
ings since the same optical density of the developed silver
deposit will give twice the light absorption by reflected
viewing of the image.
Thus, the importance of proper treatment of photographic print
materials during processing and storage becomes clear. The follow
ing chapters will discuss a method for measuring residual thio
sulfate and polythionates in aged photographs which can be helpful
in assessing conservation treatments for these materials.
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CHAPTER VII
ANALYTICAL TEST METHODS FOR THE MEASUREMENT OF
THIOSULFATE AND POLYTHIONATES IN PROCESSED FILM
AND PAPER. THE METHYLENE BLUE METHOD.
Since the early days of photography, residual thiosulfate left
in photographic processed materials was identified as a source
of fading for silver images. To properly monitor the efficiency
of washing, various tests have been devised and can be grouped
as follows:
a) drip tests, where the wash water is evaluated for residual thio
sulfate (for instance, potassium permanganate test)
b) electrical conductivity measurements of the wash water
The disadvantages of the above procedures are that they do not
necessarily correlate to the residual thiosulfate still adsorbed
to the photographic material even after the wash water has achieved
very low concentrations of thiosulfate ion. The electrical conduc
tivity measurements have been used by some researchers under very
controlled conditions, or are best used for large scale processing
of known photographic materials,where standardization can be develo
ped that properly correlates the conductivity measurements to actual
residual thiosulfate levels in the material.
c) bathing tests, where the sample material is immersed in a solu
tion and residual thiosulfate measured by some change in the solu
tion or the sample (generally colorimetric, turbidimetric or
staining effects). Examples: iodine-azide-starch
and iodine-
starch tests, mercuric chloride test and silver nitrate test.
Among these tests, those which are based on changes in the bathing
solution also do not necessarily measure all residual thiosulfate
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in the material .
d) spot tests. These tests indicate qualitatively the presence of
residual thiosulfate by color formation on the surface of the
photographic material. The main difficulties here are that either
the stains cannot be later removed (as in the Silver Nitrate test)
and/or the density of the color formed does not necessarily corres
pond to an accurate measurement of residual thiosulfate. Since the
color formation reaction depends on the diffusion of the solution
into the material, the size of the spot, the time of reaction and
the characteristics of the specific material being tested, these will
markedly affect the results obtained.
Of all the tests indicated above, only the mercuric chloride and
silver nitrate bathing tests can be applied to quantitatively
determine residual thiosulfate in films and papers. The other tests
are only semi-quantitative or just qualitative.
e) elution tests, where thiosulfate is extracted from the photogra
phic sample material being tested and the concentration in solution
determined by a suitable method, generally employing visual compa
rison standards or a standard calibration curve
for quantitative
determination. Examples: Pope's modification of the mercuric chlori
de test 22,the methylene blue colorimetric method and the iodine-
24 25
amylose colorimetric method
The advantages of these methods are their exten ,ed sensitivity and,
in general, good correlation to the amount
of residual thiosulfate
present in the photographic material, although as it will
be shown
in chapter IX, the elution procedure is not
effective for the total
removal of thiosulfate from fiber base
photographic papers.
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When describing above the various test methods, we only refered to
one of the compounds that are eventually measured: thiosulfate ion.
Most tests are not sensitive to the oxidation products of thiosul
fate (polythionates), and consequently are mainly applied to fresh
ly processed samples. Following is a summary of quantitative and
semi-quantitative analytical methods for measurement of residual
thiosulfate and polythionates, which have been in general use in
the last decades:
Mercuric Chloride Test
3HgCl2 + 2Na2S203 + 2H20 HgCl2 . 2HgS + 4NaCl ? 2H2S0^
(HgBr2.2HgS)
Turbidity
Silver Nitrate Test
+
2Ag + S203 + H20 >. Ag2S
2Ag +
Sg06I
+ H20 -*M2s_
SO, + 2H
+ 4H
l4Ag+
+ S^Og + H20 >, 7Ag2S +
9S0^~
Silver sulfide
stain
+ 24H
Methylene Blue Test
S203 + 2BH;
(OH-) fast r . * i
t S'.BH), complex + S03 .BH^ complex]
slow
H+
* fV.BH,, complex +
SO*
.BH^
comple^|-^H2S + + H3B03
y^- A tHo
2(CHj-,* HAiJO 2+^s
Fe
+++
<CV2N^S-VL(CH3J
A
methylene blue formation
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As discussed in previous chapters, residual amounts of thiosulfate
and polythionates will in time undergo degradation generating
labile sulfur which will react with the image silver to form
silver sulfide. Hickman and Spencer and Crabtree, Eaton and
27Muehler have calculated and verified under accelerated aging
conditions the amount of thiosulfate (pentahydrated) necessary to
convert one tenth of the silver at an image density of 0.1 to silver
sulfide, and indicated this amount as the maximun tolerable level
of sulfiding for processed photographic materials. The following
table (from The Theory of the Photographic Process, Fourth Edition,
11T.H. James) summarize the levels calculated and observed by
these authors for various materials:
Tolerable Levels of Hypo in Material
mg Na2S203.5H20
Calculated Observed
2 2
Material per in per m per
. 2
in
2
per m
0.002 -5 3-8
0.02 31
0.02 31
0.02 31
0.07 110
0.14 220
Chloride paper 0.005 8
Chlorobromide paper 0.007 11
Fine-grain lantern 0.008 12
slide
Fine-grain emulsion 0.008 12
Process emulsions ( av. ) 0.015- 23
Commercial emulsion 0.017 26
Some current ANSI standards give the following levels for archival
processing of photographic film:
ANSI PHI. 28 - 1976 / ANSI PHI .41-1976
Fine-grain copying, duplicating, and 0.7 micrograms
SgO"
printing films (includes ordinary microfilm) per
cm^
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Medium-grain continuous -tone camera films 2.0 micrograms S 0s
(negative and reversal) and coarse grain per cm2 2 3
x-ray film
At these levels of residual thiosulfate, only few test procedures
are sensitive enough to properly quantify residual amounts as being
lower or higher than the concentration limits. The present ANSI
standard PH4.8 - 1978 "American National Standard Methylene Blue
Method for Measuring Thiosulfate and Silver Densitometric Method
for Measuring Residual Chemicals in Films, Plates and Papers" has
adopted two distinct procedures for measuring residual thiosulfate
and polythionates in processed photographic materials. The methylene
blue method has been adopted because of its high sensitivity and the
silver densitometric method because of its simplicity and non selec
tivity, measuring all products that react with silver to form silver
sulfide .
The methylene blue test is based upon the reduction of thiosulfate
with borohydride to form sulfide ion, which can then be measured
colorimetrically via the formation of methylene blue. Residual
thiosulfate is extracted from the material with an eluent solution
of buffered potassium iodide and bromide. A calibration curve is
prepared from solutions of known thiosulfate concentration, and
the absorbance values measured with a spectrophotometer are con-
2
verted to micrograms of thiosulfate ion per cm of processed mate
rial. The sensitivity of the method is sufficient to measure
amounts of thiosulfate well within the archival limit (for exam
ple, as specified in ANSI PHI. 28
- 1976) (calibration curve on pg.40 ).
The methylene blue method was initially proposed in 1966 by
Warburton and Przybylowicz . The silver densitometric method has
been in use for many decades and in the present standard
incorporates
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most of the improvements developed by many workers to optimize
the accuracy and reliability of the method29'^0.
The need for a test method that accurately measures the amount of
residual thiosulfate and polythionates present in aged photographic
materials is evident in the field of photographic conservation.
Since among the various test methods available only the silver
densitometric method will measure polythionates. this method has
been recomended in the literature for evaluation of residual che
micals in aged materials. In practice, since the method necessarily
causes a stain on the object (see illustrations #7,#8),this is a
destructive technique which requires either disfiguring of the
image by spot staining the highlight area of the print, or a
border area if available. Furthermore, as discussed above, spot
testing is not necessarily accurate and can only be evaluated
qualitatively. The only alternative to that is the actual cutting
of part of the object (generally, a non image border area) which
then can be subjected to the bathing procedure (as described in
ANSI PH4.8 - 1978). Here again difficulties arise which are rela
ted to the fact that in general the border areas of a photograph
tend to be better washed (because of higher water flow at the
edges of most-.washing trays) and, consequently, the results obtained
may not be representative of the amount of residual thiosulfate
in the print. It has also been shown that higher amounts of thio
sulfate and silver thiosulfate complexes tend to be retained in
higher density areas of the image, where the silver densitometric
test cannot be properly applied.
Consequently, the silver densitometric method, although effective
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for measuring thiosulfate and polythionates, does not give an
accurate quantitative measurement of the total amount of residual
chemicals retained in an aged photograph. The need for such a me
thod, combining higher sensitivity, applicability for quantitative
determination of both thisulfate and polythionates and non destruc-
tiveness, constituted the main reason for the development of the
experiments reported below.
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CHAPTER VIII
APPLICATION OF THE METHYLENE BLUE TEST
METHOD TO MEASURE RESIDUAL THIOSULFATE,
TRITHIONATE AND TETRATHIONATE IN ARTIFI
CIALLY AGED PHOTOGRAPHIC PRINT SAMPLES ,
Many of the test methods described in the previous chapter have
been shown to be partially sensitive to one or more polythionates.
23
Warburton and Przybylowicz J in their 1966 article "A New Test
Method for the Measurement of Residual Thiosulfate in Processed
Film Based on Borohydride Reduction to Sulfide and Methylene Blue
Formation" studied the response of this reaction to the decomposi
tion products of thiosulfate: trithionate and tetrathionate . Under
the conditions described (which is basically the same procedure as
described in ANSI PH4.8 - 1978 for the Methylene Blue Test), tri
thionate and tetrathionate did not respond to the test. The authors
found that both thionates could be reduced by borohydride in the
presence of specific inducers (stannous chloride for tetrathionate,
and dichromate for trithionate).
The reactions on pg. '31 characterize the methylene blue formation
thr&ugh reduction of thiosulfate and thionates by borohydride; in
the latter case, the first step in the reaction is the reduction of
S?0^ and SkO^ due to the action of the inducer compounds. The fact
that sulfite is generated during the borohydride reduction of thio
sulfate and thionates allows for the following reaction to occur:
s46 + S03 ^23 + S36
Thus, we can expect that if tetrathionate is present in aged
photo-
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graphic materials, it will contribute quantitatively to dye formation,
As stated by refered authors, "Mixtures of thiosulfate and trithio
nate can be analyzed with no interference by using only the borohy
dride and borohydride-dichromate systems. Since tetrathionate is con
verted to thiosulfate and trithionate by the action of sulfite, tri
thionate is the normal oxidation product of thiosulfate. Indeed, this
has been shown to be true in aged films , so that only these two
systems need be employed in the analysis of aged films to find thio
sulfate and trithionate .(... ) The test for thiosulfate alone, using
only borohydride in the reduction step, can be used for the analysis
of freshly processed film, for analysis of solutions such as wash
water, and for analysis of processed photographic papers. The induced
reaction of the oxidation products should prove to be useful in stu
dies of thiosulfate degradation both in solution and in processed
films, and as a test for the total reducible sulfur compounds in
aged processed
films."
The following spectrophotometric curves show the main absorption
peak in the methylene blue spectra of solutions prepared by boro
hydride reduction of thiosulfate in the presence and absence of
dichromate. It can be seen that the borohydride-dichromate system
presents a lower molar extinction coeficient.in agreement with
the results obtained by Warburton and Przybylowicz, but the wave
length of maximum absorption remains unchanged. (text two pages)
Considering the fact that the methylene blue method is based on
an elution procedure, some advantages become evident that favour
its application when measuring thiosulfate and thionates in aged
photographic materials, for instance, when compared to the silver
- 37
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densitometric test. The methylene blue method can be used for
measurements of residual chemicals in all density areas. Pope has
shown that eluent solutions containing 2 percent bromide work effec
tively to remove adsorbed thiosulfate and silver thiosulfate com
plexes from the emulsion. Also, the process can be considered non
destructive to the extent that it does not stain or damage irrever
sibly the sample or photograph being tested. As stated in ANSI
PH4.8 - 1978. the volume/area ratio for the eluent solution step
can be maintained for samples of any size, the main advantage of
that being that photographs do not need to be cut or otherwise
damaged during the test procedure.
For the above reasons, the applicability of the method was inves
tigated, and as will be discussed below, "proved to be a practical
and useful tool for research in the conservation of aged photogra
phic materials. The specific experimental procedures for the tests
performed are discussed in the appendix.
Considering that the work of Warburton and Przybylowicz had demo
nstrated that the methylene blue method can be used to quantita
tively measure trithionate and tetrathionate (Modified Methylene
Blue Method/Borohydride-dichromate system), the following experi
ment was developed to verify the correlation (for accelerated aged
test samples of freshly processed photographic paper Kodak Azo F-2
Single Weight) between measurements of residual chemicals by the
silver densitometric test, the modified methylene blue procedure
and the standard methylene blue method as specified in the ANSI
method.
This experiment employed non-image (silver free) test samples of
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of three different initial levels of residual thiosulfate. The
results obtained show a good correlation between two of the me
thods (Silver Densitometric and Modified Methylene Blue Test),
while the Methylene Blue readings (ANSI PH4. 8-1978) show signi
ficantly lower values. The plotted data (see graph #3 on next
page) represents the average of three readings for each sample.
The fact that the silver densitometric readings, which measure all
decomposition products of thiosulfate that react with silver to
give silver sulfide, are progressively smaller indicates that the
incubation conditions are such that part of the thiosulfate has
been converted into sulfate. Similar results were reported by
30
Mattey and Herurr: "Under very extreme aging conditions thiosulfate
is oxidized in such a manner that it no longer responds to the
silver nitrate test. The product formed in this case is probably
the sulfate ion which should offer no fading potential'.'
Other interpretation derived from the data obtained, for instance
if we compare the results for sample IIA (initial tliosulfate con
centration: 5.6 ug S20,,/cm2) after 67 hours of incubation and after
235 hours, is that the initial decomposition of thiosulfate into
polythionates is accompanied by subsequent decomposition of the
latter. The mechanism, described below, might explain why after
prolonged aging (under the conditions of the test) the readings
obtained for residual thiosulfate and residual thiosulfate plus
polythionates (borohydride-dichromate system) approach each other.
Gruenthal has shown that for acid solutions of thiosulfate, the
following reactions and reactants generated are responsible for
34
the decomposition of thiosulfate during aging:
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S23 * S03 + S
S0'3 +
2H+
y S02 + H20
5S02 + 5S + 2H20 *2H2S506
S^Og +
2S0"
2S23 + s36
decreasing decreasing regenerate generate
S36 + H2 * S04 + S23 +
2H+
regenerate
These reactions are basically the same as those that explain the
action of sulfite as a preservative in acid fixing bath solutions,
and although the paralell between reactions occuring in solution
and those occuring in a
"dried" condition constitute just a ten
tative initial interpretation of the data obtained, they might
explain the trend verified for all samples .
For the results obtained through this test procedure to approximate
real aging conditions , another series of experiments should be
performed with samples stored at room temperature and controlled
relative humidity for at least 50 weeks. Also a broader statisti
cal treatment should be apllied during data gathering, so that
the standard deviation and confidence limits for each analytical
measurement procedure could be properly established (in the next
chapter, the procedures for obtaining absolute quantitative values
of residual thiosulfate and/or polythionates by each of the methods
in question is fully discussed) .
Nonetheless, the correlation obtained between the Silver Densito
metric Method and the Modified Methylene Blue Method for the
three
distinct thiosulfate initial levels, associated with the data pu
blished by Warburton and Przybylowicz, clearly
demonstrates that
the methylene blue method (borohydride-dichromate system)
can be
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used to quantitatively determine residual thiosulfate, trithionate
and tetrathionate in aged photographic materials.
- 45 -
CHAPTER IX
SUGGESTED REVISION OF THE PRESENT ANSI STANDARD
PH4. 8-1978 "AMERICAN NATIONAL STANDARD METHYLENE
BLUE METHOD FOR MEASURING THIOSULFATE AND SILVER
DENSITOMETRIC METHOD FOR MEASURING RESIDUAL CHEM
ICALS IN FILMS,PLATES AND PAPERS" WITH RESPECT TO
THE MEASUREMENT OF RESIDUAL THIOSULFATE PRESENT IN
FIBER BASE PHOTOGRAPHIC PRINT MATERIALS BY THE
METHYLENE BLUE METHOD.
All elution test methods for measuring residual thiosulfate were
initially developed for film materials. The present ANSI standard,
as recomended by Warburton and Przybylowicz, has adopted the methy
lene blue method also for the determination of residual thiosulfate
in photographic paper samples.
In chapter IV, the removal of thiosulfate and silver thiosulfate
complexes from processed fiber base gelatin silver halide photo
graphs was discussed. The effect of salt solutions was reviewed,
and shown to be effective for single weight papers. For double
weight papers, in general, much longer washing times are required
to achieve similar levels, even when using salt solutions as washing
aids. It would not be surprising, then, that the elution procedure
for the methylene blue method, as well as for the iodine-starch
colorimetric method2^'25, should present less than optimum re
sults. This has been discussed by
Kohlbeck3
, who proposed sequen
tial elution steps to improve the overall extraction of thiosulfate
from fiber base photographic materials.
To verify the effectiveness of the
elution procedure for single
weight and double weight papers, a series of eluent
solutions of
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different pH and ionic strength were prepared and samples eluted
for varying time periods (see apendix). Included among them were
the eluent solutions for both the ANSI methylene blue method and
the iodine-starch methodi
Formulas for eluent solutions
ANSI PH4. 8-1978 Iodine-starch colorimetric
method
1 g Potassium Iodide (KI) 1 g Potassium Iodide (KI)
20 g Potassium Bromide (KBr)
1 g Potassium Dihydrogen 1 g Potassium Monohydrogen
Phosphate (KH2P0^) Phosphate (KgHPO^)
Distilled water to make 1 liter Distilled water to make 1 liter
pH of solution =4.62
Final PH adjusted to 8.5
After extraction, the various eluted samples were rinsed and/or
b]0tted dry, and measured with the Silver Densitometric Method to
show if any residual chemicals remained after extraction. This
initial experiment showed that all solutions tested were inefficient,
both for single weight and double weight papers , and only extracted
part of the residual thiosulfate. Longer immersion periods or se
quential elution as proposed by Kohlbeck did not improve the extrac
tion yield significantly.
Considering the composition of the eluent solutions above, it can
be seen that the mechanisms occuring during extraction are based
on the combined action of pH, ion displacement and thiosulfate
removal by membrane effects. These eluent solutions are in effect
o
salt solutions, and as demonstrated by Henn, King and Crabtree
and Crabtree and
Henn32
are very effective when used as washing
aids.
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By performing rapid washing experiments, with vigorous agitation,
these authors demonstrated that salt solutions combined with a sub
sequent washing step can rapidly remove almost completely the re
sidual thiosulfate.
To overcome the difficulties verified in the elution step with fiber
base photographic materials, a new procedure was adopted at this
stage of the test. The total volume of initial eluent solution
(for instance, 25 mis. for 10 cm paper samples, as recomended in
the ANSI methylene blue test method, Procedure II) were broken down
in smaller volumes (example; 10 mis of eluent plus 10 mis of eluent
plus 5 mis of distilled water) and used sequentially to extract
the sample in a 3 dram shell vial, continuously rotated at constant
RPM (15 minutes for first volume, 10 min. for second and 10 min. for
third) . All volumes were collected in the same container and the
analysis proceded as described in the standard, or as proposed
by Warburton and Przybylowicz for the measurement of thionates
(see apendix) . Subsequent measurement of the samples, extracted
as described above, by the Siver Densitometric method demonstrated
that the residual thiosulfate still left in the material was sig
nificantly lower than for all other elution procedures tested.
All the measurements reported in this work were done applying
this improved elution procedure.
Since even with this optimized method, some residual thiosulfate
remained in the fiber base photographic samples tested after the
elution step, it becomes evident that the measurements of fiber
base photographic materials obtained by an elution procedure as
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the methylene blue method are not accurate. Also, a correlation
curve between the values obtained colorimetrically and the values
obtained through the silver densitometric method will not go through
the origin, as shown in the graph below ( graph #4 ). The point at
which the extended correlation curve crosses theAD(T) axis indi
cates the average stain level actually measured for all samples
after elution (optimized continuous agitation extraction inclu
ding a final 5 ml. distilled water washing step, abbreviated CAE-W)
and its projection on the horizontal axis gives the corresponding
amount of residual thiosulfate retained after elution. The corrected
curve going through the origin gives now accurate values (in ug SpOf/
cm ) for ZjD(T) values obtained with the silver densitometric method
and also represents the necessary correction factor (given by the
lateral displacement between the two curves) that must be added to
all values obtained colorimetrically through the methylene blue
method.
The graph also shows that when a correlation curve is constructed
from the values obtained with the standard elution procedure as
described in ANSI PH4. 8-1978, no linearity is found for the range
of residual thiosulfate levels studied. This is due to the low
extraction yield obtained with the standard procedure, specially
for samples containing higher initial amounts of residual thio
sulfate .
Graph # 5 shows the various percentage extractions obtained using
different procedures and eluent formulas for sample IIA (containing
5.6 ug
S20Vcm2
residual thiosulfate).
Graph #6 indicates the results obtained for Kodak Studio ProofPaper
correlation curve.
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The correlation curves above were generated for single weight
papers. It is expected that for double weight papers, the percent
extraction under optimum elution conditions (CAE-W) would be
lower, and linearity between the colorimetric values and silver
densitometric values would have to be verified experimentally.
In conclusion, it is shown that to accurately determine quanti
tatively residual thiosulfate levels in fiber base photographic
materials, it is necessary to employ optimized extraction proce
dures, generate a correlation curve with the silver densitome
tric test by measuring samples containing various residual
levels of thiosulfate, and, finally, identify the remaining
amount of thiosulfate retained by the material after the elution
(given by the intersection of the correlation curve found with
theAD(T) axis) so that a correction value can be added to the
quantities obtained colorimetrically. These considerations, discussed
above, are valid for all elution procedures when applied to fiber
base photographic materials.
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CHAPTER X
PREDICTING IMAGE STABILITY FROM QUANTITATIVE
MEASUREMENTS OF RESIDUAL THIOSULFATE AND POLY
THIONATES IN PROCESSED PHOTOGRAPHIC MATERIALS
Accelerated aging of photographic materials has been frequently
employed by the photographic industry to study long term storage
effects upon the stability of products being presently manufac
tured. Incubation of samples under high temperature and humidity
conditions has been used, for instance, to test the response of
photographic materials to various enclosures (Photographic Acti
vity Test, ANSI PHI. 53-1978) or to evaluate photographic process
ing (American National Standard Method for Evaluating the Process
ing of Black and White Photographic Papers with Respect to the
Stability of the Resultant Image, ANSI PH .4. 32-1974) .
Accelerated aging tests can correlate to natural aging effects
only to a certain extent. Depending on the conditions chosen for
the test (relative humidity, temperature, incubation conditions:
stagnant air or forced air circulation, etc...), the rate of the
reactions might be significantly altered, eventually inducing
reaction mechanisms that would not occur under normal storage
conditions .
Nonetheless, the applicability of accelerated aging test methods
has been demonstrated in various studies on image stability and
incorporated in several national and international standards. As
discussed in previous chapters, there is a definite correlation
between residual processing chemicals and potential fading and
staining of the image material. Larson,
Hubbell and West33 proposed
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the following criteria for the adoption of analytical test methods
that measure residual thiosulfate and thionates to predict process
ed image stability:
a) The test results should correlate to image keeping tests, so
that processed image stability could be predicted.
b) The test results must not be appreciably affected by the age of
the sample prior to analyses (time-lapse after processing).
c) The test method should apply to all photographic density levels.
d) The test must be adaptable to paper as well as film.
e) The method must be sufficiently sensitive to objectionable chem
icals and it must be quantitative and reliable.
Their study showed that the Silver Densitometric method met most
of the requirements above, being the best compromise among the
various adopted analytical methods. The shortcomings of -Bhis test
are due to its inadequacy to be applied at all density levels and
to the fact that it is only semi-quantitative.
The purpose of correlating analytical test methods that measure
residual chemicals with accelerated aging tests is to provide data
that will predict image keeping qualities during long term storage
from analytical results that refer to actual processing conditions.
In the present research, some samples processed under standard con
ditions (see appendix) and washed for different time periods were
incubated for 30 days as described below. The results obtained
(shown in the graphs below and in illustrations # 9 and #10 )
demonstrate that there is a definite correlation between image sta
bility and amount of residual chemicals
retained during processing.
The advantages of such application of an analytical
test method is
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that it requires less time than accelerated aging tests and con
sequently can routinely be applied for evaluating processing with
respect to the stability of the resultant image.
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The modified methylene blue method (borohydride-dichromate system) ,
as shown in the previous chapters, applies to all density levels,
is quantitative and can be used for film and paper (although the
present research was not extended to double
weight papers, which
certainly present more
difficulties at the elution step of the proce
dure due to the thickness of the paper
base). Thus, although exten
sive tests were not performed to prove
the specific apllication
being discussed in this chapter,
the results obtained during the
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course of this research strogly indicate that the modified methy
lene blue method can be used to predict processed image stability,
since it meets all the criteria suggested by Larson, Hubbell and
West for such application of an analytical test method.
Table I shows comparative results measured from a non-image area
(10 cm2) and an image area (gray scale: Kodak photographic step
tablet n? 2) of equal size from sample IA (Kodak Azo Paper F sur
face Single Weight/ 5 minutes washing time). As indicated by
Pope , silver image areas tend to retain more adsorbed thiosulfate
than non image areas, which' explains why for equal areas of the
same sample two distinct residual thiosulfate levels were found
(higher for the silver image area). After accelerated aging for
140 hours, the results indicate that thiosulfate and its oxidation
products are being consumed in the reaction with silver to form
silver sulfide. It is important to note that after this period
of incubation, there are still significant amounts of residual
thiosulfate and polythionates left in the material, which have to
be still considered as a potential cause for further image silver
deterioration .
TABLE I
Sample IA (Kodak AZO Paper Single Weight/ 5 minutes washing)
2"
p~
Image area (10 cm ) Non-image area (10 cm )
Freshly
processed 11.2 ug S?0"/cm 9-4 ug
S90~/cm'
sample
2After 140 hours 4.8 ug S?of/cni 6.3 ug S?0~/cm'
incubation at ^ ^ c J
96# RH and 55C 6.2 ug
(S20*
plus 7-4 ug
(S20"
plus
S30g)cm2 S30)/cm2
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As it will discussed in the next chapter, when measuring residual
thiosulfate and polythionates present in aged photographic materials ,
the approach outlined by Larson, Hubbell and West can provide a
suitable method for assessing image stability (further potential
fading propensity) in already somewhat deteriorated objects.
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CHAPTER XI
SOME POSSIBLE APPLICATIONS OF THE MODIFIED
METHYLENE BLUE METHOD IN THE CONSERVATION OF
SILVER GELATIN PHOTOGRAPHIC PRINT COLLECTIONS.
I . Studies for predicting fading propensity of aged photographic
materials due to residual thiosulfate and polythionates.
As discussed in the previous chapter, the quantitative deter
mination of residual chemicals for freshly processed materials does
present a correlation with accelerated image keeping tests.
In photographic conservation, it is very important to assess all
the potential factors that might affect the permanence and stability
of the object. We have shown (in chapter V) that the various reac
tions between image silver and the degradation products of thio
sulfate are influenced by the actual storage conditions. Moisture,
temperature and atmospheric oxidants will affect the rate of these
reactions. In collections of silver gelatin prints, the signs of
deterioration that can be visually identified do not give a clear
indication of the potential fading propensity of a photograph due
to the presence of residual chemicals. Two prints
processed to the
same levels of residual thiosulfate can
present different deteriora
tion reactions (sulfiding, "mirroring", etc..) if
stored under
different conditions.
The modified methylene blue method
can be applied in future studies
to research this important topic
in photographic conservation. Acce
lerated image stability tests
can be performed where both sulfiding
of the initial metallic silver
image is quantified, as well as the
corresponding consumption
of thiosulfate in the reaction, and its
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oxidation into various polythionates. By varying incubation con
ditions for different runs of the test, or during the same run,
data could be generated to indicate potential fading propensity
from determined levels of residual thiosulfate and polythionates,
which also would take in consideration the actual sulfiding that
had already taken place .
These studies would provide the necessary information to signifi
cantly evaluate the data that was collected in this initial stage
of the research, as presented in this report. For instance, several
aged silver gelatin prints were evaluated for levels of residual
thiosulfate and polythionates, using both the standard methylene
blue method and the modified version (borohydride-dichromate system)
TABLE II
Image Standard Methylene Blue
Method (BH^J
Modified Methylene./;
Blue Method(B% -Cr )
# 1 (no date)
(illustration # 11 )
(bridge over river)
# 2 (circa 1930)
(illustration # 11 )
(portrait of man)
1.0 ug
SgOl/cm'
1.5 ug
S20*/cm'
2.1 ug (S20o plus
S30g)/cm2
3.2 ug
(S0~-
pluE.
3 2
S30^)/cm
# 3 (circa 1940)
(illustration #12 ) 1.7 ug
S203/cm'
3.3 ug (S203 plus
S30)/cm2
# 4 (circa 1940)
(illustration # 13 )
2.8 ug
S20"/cm' 5.0 ug (s2o3 plus
S30g)/cm2
Observation: The photographs were completely eluted by treatment in
specified volumes of eluent solution proportional to the area of each
print. The elution procedure followed the modifications described in
chapter IX, but was done in trays (folded mylar trays prepared to
accomodate each individual image) with gentle constant agitation.
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When visually analyzing the images from which the above results were
obtained, it can readily be seen that the varying degrees of sulfiding
represent different stages of deterioration and that the levels found,
in themselves, cannot be directly correlated to further potential
fading or staining of these photographs. In chapter X, results were
shown that correlated residual thiosulfate levels found in freshly
processed materials to sulfiding of the image after accelerated aging
of these materials. This testing procedure needs now to be extended
to the characterization (by quantitative determination of residual
thiosulfate and polythionates) of further potential fading for aged
photographs already presenting various degrees of deterioration.
II . Evaluating the need for reprocessing groups of photographic
prints in collections through sampling procedures.
As discussed before, the main purpose of this research was to deve
lop better methods for the quantitative determination of residual
chemicals present in aged photographic materials, and therefore
adress the question of the need for reprocessing in photographic
conservation practice. Reprocessing can be understood as the treat
ment of an aged photograph in all or part of the chemical solutions
that follow development during normal photographic processing,! .e . :
fixation, washing and toning.
We have mostly mostly discussed the effects on image stability,
removal from the photographic material by washing and/or other
mechanisms, and quantitative
determination of residual levels after
processing of thiosulfate ion.
Residual silver thiosulfate complexes
are also partially accounted for when employing
the methylene blue
method. However, if the print was processed in an overly exhausted
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fixing bath, the eluent solution will have only limited action on
the solubilization of the complexes formed in this situation, which
have a high silver to thiosulfate ratio. The standard procedure for
determining silver thiosulfate complexes requires the formation of
a silver sulfide stain on the object, by supplying sulfide (one
drop of a 2% solution of sodium sulfide is spotted on a non-
image area of the print) .Here again this procedure becomes inacepta-
ble when analyzing aged photographic objects in collections, because
of its destructiveness. Some recent tests performed on aged photo-
graphic prints from the 1940's, 50' s and 60's by Swan indicated
that that the presence of detectable silver thiosulfate complexes
is of significantly lower incidence than that of residual thiosulfate
and polythionates. More testing, however, should be done to verify
this point, as well as to determine up to which levels of residual
silver thiosulfate complexes do halide eluent solutions work effec
tively in desorbing these compounds from the photographic material
as indicated by Pope . Other non-destructive techniques should
also be investigated for the determination of silver thiosulfate
complexes in photographic prints.
With respect to the need for reprocessing, the presence of silver
thiosulfate complexes of low solubility requires refixing of the
photographic print. A fresh thiosulfate solution will cause the
formation of more soluble silver thiosulfate complexes, which will
readily diffuse from the emulsion,
baryta layer and paper base into
solution, being replaced by thiosulfate ions. Subsequent treatment
is then necessary to remove thiosulfate,
which is achieved through
extended washing and use of washing
aids (salt solutions). On the
other hand, the presence of residual thiosulfate
and polythionates
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in aged photographs requires only washing during reprocessing.
Since the elution procedure utilized in the methylene blue method
is in itself a reprocessing treatment, when eluting an entire
object as proposed in this report, the quantitative results
obtained indicate what was present in that particular object
before the analysis. Consequently, the usefulness of this method
with respect to evaluating the need for reprocessing is restricted
to a sampling procedure, where collections of photographs of
known origin (for instance, newspaper collections , commercial
production of motion-picture stills for advertising purposes, etc. .. )
are surveyed, and data collected from a representative sample of
the material used to assess the general original processing
conditions of the entire collection. The sampling procedure,
associated with data from accelerated tests to predict potential
fading due to residual chemicals present in aged photographs (as
described above), should provide the necessary information for
an adequate decision on the need for reprocessing any group of
materials in a collection.
The problems related to the treatment of aged photographic materials
in solution are many. The multilayered structure of the material
can be physically and chemically affected during storage, and
may not resist, for instance, extented
treatments such as those
required during reprocessing* excessive emulsion swelling may occur,
drying may cause dimensional problems, cracking of
the emulsion
layer during drying may also occur, etc...
On the other hand, the potential fading that can be
caused by
residual thiosulfate and polythionates present in aged photographs
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has been demonstrated and cannot be avoided in conservation practice.
The decision to reprocess aged photographic materials, therefore,
should be based on the proper evaluation of the various factors
influencing the permanence and stability of the object: the quanti
tative determination of residual chemicals that can react with image
silver to form silver sulfide, and the examination and testing of
other aspects (for instance, brittleness of the emulsion layer,
hardening of the gelatin, etc. .. ) of the complex multilayered photo
graphic object which might disallow any solution treatment.
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SUMMARY
The quantitative determination of residual thiosulfate and
polythionates in aged silver gelatin photographic prints
is a necessary step in the proper conservation of these
materials .
It has been shown that the methylene blue method will
respond to trithionate and tetrathionate if the borohydride
reduction of these oxidation products of thiosulfate occurs
in the presence of an inducer compound (dichromate and
stannous chloride, respectively). The applicability of
this modified methylene blue method as an analytical tech
nique in the conservation of silver gelatin print collec
tions was discussed.
A suggested revision of the current ANSI Standard Methylene
Blue Method (ANSI PH4. 8-1978) is presented with respect to
the measurement of residual thiosulfate in fiber base photo
graphic papers . Experimental results showed that the current
standard does not give accurate measuremants for these ma
terials. An optimized elution procedure is proposed and
accurate values of residual thiosulfate in fiber base papers
derived from a corrected correlation curve between the methy
lene blue and silver densitometric methods.
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APPENDIX
All photographic paper samples utilized in the experiments were
were exposed and tray processed as follows:
Kodak AZO Paper - F surface - Contrast grade #2 - Single weight and
Double weight .
Individual sheets (8 in. x 10 in.) exposed in a contact printing
frame, with tungsten illumination, to a negative test object
composed of four calibrated Kodak step tablet #2. All process
ing solutions were kept at 20-1=5 C in 10 in. x 12 in. trays
containing 1 liter each of the following processing chemicals:
1) Kodak Dektol developer, 1:2 dilution (2 minutes)
2) Kodak Ektaflo Stop Bath (32 mis. of concentrate) (1 minute)
diluted to 1 liter)
3) Kodak Rapid Fixer (with hardener), freshly prepared
from stock solutions. Fixing bath #1. (3 minutes)
4) Kodak Rapid Fixer (with hardener), freshly prepared
from stock solutions. Fixing bath #2. (4 minutes)
All prints processed individually. The time of treatment in each
solution is given above. No* more than 15 sheets were processed
in each one liter volume of solution. Agitation was constant
during all baths .
Kodak Studio Proof Paper -F surface - Single weight
Individual sheets (8 in. x 10 in.) exposed in a contact printing
frame to an intense light source (mercury vapour discharge lamp)
for 30 minutes. A negative test object composed of four calibra
ted Kodak step tablet #2 was used to print-out the corresponding
image on the material. All solution were kept at 20 - 1.5 C
(except the washing steps):
- after exposure, the print was washed under yellow dark
room safelight for 10 minutes to remove excess silver
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ion from the emulsion in an 11 in. x 14 in. x 2 in. washing tank
fitted with a double syphon water circulation system having a
flow rate of 9 liters of water per minute, the water temperature
being kept at 25 - 0.5 C.
- the prints were subsequently fixed in two fixing baths
containing 1 liter of 20% sodium thiosulfate (pentahydrate) solu
tion for 4 minutes in each bath, with constant agitation, the
temperature being kept at 20 - 1.5 c.
The washing of all samples (AZO and Studio Proof) was done in
the washing tank described above under the conditions found to
provide even and uniform hypo removal: flow rate of 9 liters of
water per minute, water temperature kept at 25 - 0.5 C, good
agitation provided by double syphon water circulation system.
Filtered tap water having an average pH of 7.1 was used for this
final washing step. Each print was washed individually for diffe
rent time periods to provide samples containing different levels
of residual thiosulfate. The prints were blotted and air dried
after the final wash, with care being taken to avoid any conta
mination of the samples between processing and analysis by the
methods employed to measure residual chemicals in this experiment.
The formulas and detailed description of the methylene blue method
are given in the ANSI Standard Methylene Blue Method (ANSI PH4.8-
23
1978) and in the original article by Warburton and Przybylowicz .
The modified methylene blue method requires the addition of potas
sium dichromate during the borohydride reduction step. The follow
ing procedure was used to the reduction of trithionate by boro-
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hydride and methylene blue formation:
9 drops of borohydride reagent, 2 drops of 4% potassium dichromate,
15 drops of acetone, 5 drops of ferric sulfate reagent followed
by 5 drops of N,N-Dimethyl-p-phenylene diamine sulfate.
All solutions were added sequentially to a 3 dram shell vial
(11 mis.) with polyethylene caps containing 5 mis. of sample
solution.
Various eluent solutions were tested. The bromide concentration
was increased from 2 to 5%. Sodium sulfite ( .1%) and sodium
sulfate (10%) solutions were also combined to the bromide and
iodide buffered eluent formulas. Immersion times for extraction
were extended for up to 30 minutes . The results obtained showed
that none of the solutions could efficiently remove all residual
thiosulfate from fiber base materials. Initial thiosulfate levels
for the samples tested were between 5 to 7 = 5 ug S?0-T/cm .
For the accelerated aging tests performed during this study, samples
were incubated in an oven at constant temperature inside sealed
glass jars containing saturated salt solutions:
- potassium sulfate (KoS0,,), reagent grade - 96% Relative Humi-d * dity at 55 C
- sodium chloride (NaCl), reagent grade - 75% Relative Humi
dity at 50 C
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